Introduction
Diarrheal deaths are the second leading cause of child mortality accounting for 15% of the global under-five child mortality burden [1] . It is estimated that 39% of these diarrheal deaths, which occur mainly in middle and low income countries, are due to rotavirus ongoing surveillance to maximize vaccine effectiveness [13] and will be especially important in India.
Recent research suggests that the burden of rotavirus mortality within India differs across states and regions [14] . At the state level, the highest rates of rotavirus mortality are found in Bihar, Uttar Pradesh and Madhya Pradesh, jointly accounting for more than half of rotavirus deaths in India. Regionally, rotavirus deaths are highest in central India, followed by northern, while lowest in western India. In addition to regional heterogeneity, rotavirus mortality rates amongst girls (4.89 deaths/1000 live births) in India are found to be 42% higher than amongst boys (3.45 deaths/1000 live births) [14] . Socio-economic differences play a role as well. Known individual risk factors associated with diarrheal mortality such as being undernourished [15] and scoring low on composite measures of anthropometric failures occur more often in poor households in India [16] .
Past research in India has revealed regional, socio-economic and gender disparities in routine immunization rates [17, 18] . Socioeconomic disparities in burden are found to correspond with disparities in access to routine vaccination, with children belonging to the poorest households having the highest rotavirus deaths and the lowest estimated vaccination rates [7] . Gender-based disparities in rates of childhood immunization have been shown as well; girls are reported to have lower vaccination rates than boys and, similar to rotavirus mortality, there is significant variation across states and regions [19, 20] . Moreover, girls at higher birth orders are found to have a greater chance of missing vaccination doses, than boys [21] . These disparities, left unchanged, reduce the potential impact and cost-effectiveness of rotavirus vaccination [7] .
The purpose of this study is to use the best available data on rotavirus mortality, health care cost, vaccine access, and efficacy to estimate the impact and cost-effectiveness of rotavirus vaccination across different geographic and socio-economic settings in India. We also examine alternative strategies for increasing the impact of vaccine introduction.
Materials and methods

Overview
We use a spreadsheet-based model developed in Microsoft Excel [22] to estimate the expected health and economic outcomes for one annual birth cohort of children during the first 5 years of life. Due to the known heterogeneity by geography, socio-economic level and gender, we model a series of sub-populations separately. Specifically, we consider six geographic regions (based on Morris et al. [14] ), together representing all of India, separately, and independently calculate results for three high mortality states (Bihar, Uttar Pradesh, and Madhya Pradesh). Within each geographic area we group children into five wealth quintiles based on asset index [23] . As a result, the modeling unit of analysis is geographic area × wealth quintile × sex.
Future outcomes are discounted at 3% and costs are estimated in 2013 US dollars.
Burden of rotavirus mortality
Overall estimates of rotavirus mortality by region, state and sex are taken from Morris et al. [14] (Table 1) . However it is likely that there is substantial heterogeneity in rotavirus mortality risk within these groups due to differential nutritional status and access to basic care for diarrheal disease, based on socio-economic status. As a result, we developed an evidence-based individual risk index to estimate the relative distribution of mortality within these region-sex populations.
We used data from the 2005 to 2006 India National Family Health Survey III (NFHS-3) [24] to calculate individual risk index values as well as mean values for each subpopulation, accounting for complex survey design in Stata (version 12) [25] . The risk index assumes that an individual child's risk of rotavirus mortality is a function of the child's nutritional status (as measured by weight-for-age) and the likelihood of receiving rehydration if he/she experiences a diarrheal event. The existing literature suggests that both factors are strongly and quantitatively linked to diarrheal mortality (although not specifically rotavirus mortality) [15, 26] . A nutritional risk factor was developed for each child based on their weight for age and a linearized estimate of relative risk from Caulfield et al. [15] (WFA i ). Since data on rehydration is only available for children with an episode of diarrhea in the previous 2 weeks we estimated the individual propensity for receiving rehydration by fitting a logistic regression model to predict rehydration based on age, asset index score, gender and state. We then used the PREDICT function in Stata (version 12) [25] to estimate the propensity for all children (PrORS i ). The individual risk factor for rehydration was calculated for each child as the product of their propensity score and 0.07 (ˇO RS ), based on the estimated 93% effectiveness of appropriate rehydration from Munos et al. [26] . For each region (r) wealth quintile (q) and sex (s) sub-population, the mean risk index was calculated based on Equation (1) .
In order to test this individual risk model, we examined the correlation between state-wide averages generated as described above, with the statewide mortality estimates from Morris et al. [14] .
In order to estimate the distribution of rotavirus mortality within geographic-economic-gender subpopulations we combined the risk index and the mortality estimates by geographic area and gender from Morris et al. [14] . The risk index for each wealth quintile was normalized by dividing by the mean risk index for the corresponding geographic area and gender subpopulation (Equation (2) ). This ensures that the total mortality for any geographic area and gender is the same as Morris et al. [14] , while maintaining an estimated distribution across wealth quintiles based on individual risk factors and quantitative relative risk estimates from the literature. Rotavirus mortality burden is estimated as deaths per 1000 live births.
RVBurden r,q,s = RVMort r,s · RVRiskIndex r,q,s RVRiskIndex r,s
All subpopulation means were calculated using appropriate sample weights based on the design of each survey.
Mortality risk was converted into Disability Adjusted Life Years (DALYs) based on standard methods using age weighting and discounting [27, 28] . Previous studies have shown that over 98% of DALYs associated with rotavirus diarrhea in low income settings are associated with mortality [29, 30] , as a result we have not estimated DALYs associated with morbidity from acute cases.
We estimated timing of projected deaths by combining overall rotavirus mortality estimates for each subpopulation and the estimated age distribution of events from Morris et al. [14] , combined with additional data from Clark and Sanderson [31, 32] . Monthly rates were estimated for the first year of life, and annually for the subsequent 4 years of life. For any subpopulation and period t, mortality burden is estimated in Equation (3), as:
RVBurden r,q,s,t = RVTime t · RVBurden r,q,s
where RVTime t is the fraction of deaths occurring in time period t. 
Vaccination coverage and effectiveness
We estimated the coverage of a 'generalized' 3-dose rotavirus vaccine that would be delivered alongside DPT1-3 through a routine immunization program. Vaccine effectiveness was estimated for each subpopulation based on estimated coverage of each of three doses, the expected timing of receiving each dose, and expected efficacy of each dose over time.
Vaccination coverage was estimated by geographic area, gender and wealth quintile. Due to concerted national and state efforts, coverage of routine vaccinations in India is rapidly improving. We used three alternative sources to estimate coverage: 2005-2006 NFHS-3 [24] , 2007-2008 District Level Health Survey (DLHS-3) [33] , and the 2009 Coverage Evaluation Survey (CES) [34] . A fourth survey, the Annual Health Survey [35] [36] [37] , was also consulted but it does not provide national estimates and was used descriptively. For the NFHS and the DLHS3, we estimate coverage of DPT1, DPT2 and DPT3 for each geographic area r, sex s and wealth quintile q sub-population.
Vaccination timing was estimated for all three doses using vaccination data for 1-year-olds from DLHS-3. Specifically, for each subpopulation we estimated the proportion of children receiving each dose by the end of each time period t. For any subpopulation, the coverage for each dose d was defined in equation (4) as the product coverage and the likelihood of receiving it by a given period t.
This model is intended to be generalized, rather than pertaining to a single particular vaccine. As a result, we assumed efficacy that is similar to recent published estimates [10] and assumed the same efficacy in each subgroup. Vaccine efficacy was estimated for 1, 2, and 3 doses to account for incomplete courses and rotavirus events that might occur between doses. During the first year we assumed an efficacy of 50% for a full course, and 10% and 25% efficacy for 1 and 2 doses [5, 38] . We also assumed a 10% waning in efficacy (to 45%) during subsequent years [39] . Full assumptions are shown in Table 1 .
Vaccination effectiveness and benefit were estimated for each subpopulation by combining information on the coverage and efficacy of each dose by time period with information on the expected burden over time.
where VacEff d,t is the incremental protection of each dose d during time period t. The method described above accounts for the correlation between individual risk and vaccine access at the region-quintilesex sub-group level, however it implicitly assumes that risk and access are not correlated within each subgroup. We tested this assumption by examining the correlation of DTP2 coverage and risk index within each subgroup.
Estimating the expected benefits at current coverage levels, we also estimated the potential benefits if all geographic-economic sub-groups had the same mortality reduction as the highest coverage group (South, middle quintile, 40%). The difference between these potential benefits and expected benefits were defined as the health consequence of coverage disparities.
Economic outcomes
Patterns of healthcare utilization for diarrheal treatment vary geographically and by socio-economic status. As a result, direct medical costs for rotavirus treatment are expected to vary as well. However, limited data are currently available on the extent of variability. In order to account for this heterogeneity in cost we combined published estimates of overall rotavirus direct medical costs [40, 41] per child with an estimate of the relative cost per child in each geographic and economic setting [42] (Table 1) .
We estimated the distribution of costs among children based on the pattern of care seeking (NFHS-3) weighted by estimated cost of each treatment type (Table 2) . While consistent data are (N)  244  256  274  288  239  481  820  188  335  232  238  165  143 not available for all of these categories we estimated the relative costs based on available published data (Table 1) and applied cost estimates to reported categories of treatment facility or provider in NFHS-3. Relative costs were then rescaled to have a mean of 1 and multiplied by the average cost per child from the literature (to ensure the same mean cost per child). Costs were estimated as a linear function of region, urban/rural, and wealth index, imputed for all children without data using the PREDICT function in STATA 12. The relative cost measure was then applied to the estimated national mean direct medical cost of rotavirus [41] to calculate a mean rotavirus cost by geographic and socio-economic setting. Averted medical costs (AvertCost r,q,s ) were then estimated for each subpopulation by combining information on the coverage and efficacy of each dose by time period with information on the expected medical cost over time. All costs were adjusted to 2013 US$ (1US$
The incremental cost of the intervention (IntCost q,r,g ) includes vaccine and administration costs. Intervention costs were estimated assuming a baseline vaccine price of $1.25 (77.3 INR) per dose, wastage of 10% and an incremental administration cost of $1.25 per dose [8] . The cost parameters were varied in the sensitivity analysis ( Table 1) .
The main outcome measure was the incremental costeffectiveness ratio (ICER q,r ), which was estimated for each geographic and economic subpopulation. 
Sensitivity and uncertainty analysis
A series of analyses were conducted to assess the impact of uncertainty to predicted outcomes. One-way sensitivity analyses were used to estimate the effect of changes in individual input variables (ranges listed in Table 1 ). A probabilistic sensitivity analysis (PSA) using Monte Carlo analysis was used to assess the effect of simultaneous changes in multiple input variables. Key input variables were characterized as distributions (Table 1 ) and a simulation procedure using 10,000 iterations was conducted in Crystal Ball [43] to develop a distribution of estimated impact and costeffectiveness by region. Lastly, specific scenarios were examined including on-time vaccination, equitable coverage, and full coverage.
In addition, we developed an "Equal risk" scenario where we assumed homogeneous RV mortality risk and treatment costs. We used this scenario to approximate the estimated benefits and costeffectiveness ratio if inter and intra region disparities were not considered.
Results
Health and medical cost burden by setting
Estimated mortality and direct medical costs are shown for each region-quintile sub-group (Fig. 1a) and state-quintile sub-group (Fig. 1b) . In the figures, each line represents a different region or state and each of the dots represent different wealth quintiles. Difference in mortality among regions reflects the differences estimated by Morris and colleagues [14] . Within all of the regions, children in poorer households had higher risk of mortality, due to reduced nutritional status and reduced likelihood of receiving rehydration. Conversely, within all regions children in richer households had a higher estimated direct medical cost burden (Fig. 1a and b) . This difference is driven by an increased likelihood of treatment and in particular increased utilization of private hospitals (Table 2 ). These differences were observed across the three high mortality states as well.
Impact of vaccination
We estimate that vaccine introduction will reduce rotavirus disease burden by 30% to 39% depending on the region, with the greatest percent reduction estimated in the South (39%), followed by the North (34%) and West regions (34%), Table 3 . The absolute level of benefits (deaths averted per 1000 births) also varied across regions, ranging from 0.55 to 1.66 rotavirus deaths per 1000 births, with the highest benefits estimated in Central, Northeast, and East regions.
Impact varied substantially within regions as well. Fig. 2 shows the estimated effectiveness by geographical region and economic status. For all regions, the highest percent reduction in burden was estimated for the two highest wealth quintiles. The highest and most equitable reduction was estimated in the South, ranging from 38% to 40% across quintiles. Children in poorer households experienced higher mortality risk and lower levels of mortality reduction, particularly in the Central, East and Northeast regions. Estimated average risk for the poor in these three regions is 1.7 times higher with average mortality reductions of 28% as compared to 33% in other regions, respectively.
The estimated health benefits with current coverage and potential coverage are shown in Fig. 3 . The highest potential additional benefits are among the high mortality regions and states, and particularly among the poorest quintiles. Nationally, increased coverage would increase benefit estimates by 23%, preventing 9400 additional deaths. In Bihar, Madhya Pradesh and Uttar Pradesh benefit estimates would increase by 55%, 76% and 71%, respectively, preventing 10,600 additional deaths. Among the poorest quintile in these states alone, benefits would increase by 72%, 127%, and 121% preventing 3300 additional deaths. The pattern of higher risk and lower vaccination impact is also reflected in the correlation between key risk factors and variables determining vaccine effectiveness (Appendix A). In the NFHS-3 survey, access to DPT 1, 2 and 3 are inversely correlated with low and very low weight for age, at a national level, as well as within regional-wealth sub-groups. It is also important to note that coverage and wealth are negatively correlated with the probability of receiving ORS. Both of these factors contribute to the underlying heterogeneity in risk and specifically higher risk in marginalized sub-populations.
Cost-effectiveness of vaccination
The incremental cost-effectiveness ratio (CER) by region ranged from $105 to $298/DALY averted (6489-18,416 INR/DALY averted), with the lowest (most favorable) ratio in the high mortality regions (Table 3 ). Cost effectiveness also varied within geographic areas as higher wealth quintiles typically had lower incremental costs (due to greater medical costs), yet lower health benefits (due to lower mortality). All ratios at the regional and state levels are substantially lower than the GDP per capita of $1490 in India [44] , suggesting that rotavirus vaccines with the modeled characteristics would be highly cost-effective.
Sensitivity and uncertainty analysis
One-way sensitivity analysis was conducted to examine the effects of specific input variables on vaccination benefit and costeffectiveness within each geographic area. The results for the impact on the cost-effectiveness ratio are shown in Fig. 4 . For all regions, the variables with the greatest impact were vaccine administration cost, rotavirus mortality, and vaccine price, usually in that order. Mortality uncertainty was most important in higher mortality regions. Other variables had limited impact. The sensitivity analysis for vaccination benefit showed that rotavirus mortality accounted for the greatest uncertainty in impact (results not shown). We also examined the effects of specific scenarios on CER: on-time delivery of vaccine doses and uniform medical costs. On-time delivery reduced the CER in all regions (between 3 and 12 $/DALY averted, 185 and 742 INR/DALY averted). Assuming uniform medical treatment costs, resulted in increased CER in regions with higher healthcare utilization and decreased the CER in regions with low utilization.
The probabilistic sensitivity analysis was used to estimate uncertainty limits around key outcome variables within each geographic region. These are shown in Table 1 . A contribution to variance analysis demonstrated that vaccination administration costs and rotavirus mortality uncertainty contributed approximately 50% and 25% respectively to the overall uncertainty of the CER, and rotavirus mortality contributed over 80% of the overall uncertainty of the health impact of vaccination.
The effect of accounting for disparities in mortality risk and costs can be seen in the comparison to the "Equal Risk" scenario in Table 3 . Assuming equal RV mortality risks and treatment costs would result in a 15% overestimation of benefit at a national level (1.22 vs. 1.44 deaths averted/1000 births). It also would result in an underestimation of the benefits of introducing vaccination in high mortality regions or states and overestimation of the CER in those areas.
Discussion
At a regional level, deaths due to rotavirus are expected to decline by 30-40% in India with the introduction of rotavirus vaccine. Vaccination is estimated to reduce deaths by 23-26% in the states with the highest rotavirus mortality. Among all regions and states evaluated, our current analysis suggests that a vaccination program would be highly cost-effective -consistent with findings of previous analyses [5, [7] [8] [9] .
The greatest potential health benefits of vaccination will come from reaching high rotavirus mortality areas and the poorest households. However, these populations are less likely to benefit given current low coverage estimates. While national vaccination coverage has increased over time in India, further coverage increases in these populations could substantially expand the impact of vaccination. The state level analyses presented here suggest that the greatest benefits may come from focusing on states (or smaller geographic units) with high mortality risk and low coverage of the most vulnerable.
The relationship between healthcare access and disease risk results in clear tradeoffs between economic and health burden across sub-populations. Groups with higher estimated rotavirus mortality tend to have lower healthcare costs. This is not unexpected given that poor access to care contributes to increased risk of mortality (e.g. less likely to receive timely rehydration). In addition, some of the same underlying factors such as geographic distance, lack of access to services, and low household economic resources, can contribute to increased risk and reduced healthcare utilization. The result is an inverse relationship between economic and health burdens among the sub-groups, with some showing greater health burden and others greater economic burden.
This pattern of heterogeneity in economic and health burden leads to alternative rationales for vaccination in different subgroups. In some of the highest mortality states and poorest wealth quintiles, the primary justification for vaccination is the potential reduction in diarrheal mortality. In contrast, in lower mortality and higher wealth groups, the primary benefit is the potential for averting costs. Of course, in a given population both economic and health benefits occur, but their relative magnitudes will vary.
The current study has several important limitations. The estimates of rotavirus mortality by region are based on Morris et al. [14] . While these are the most recent published estimates by region, the original data is approximately a decade old. Changes in underlying mortality may reduce the differences observed between and within regions. We used a wide range of mortality estimates to address this in our sensitivity analysis. There is also uncertainty in how we estimated rotavirus mortality within regions using risk factors and published risk estimates. Other risk factors not considered here may increase or decrease disparities in rotavirus mortality among economic groups. This analysis only follows one birth cohort and does not account for possible changes in coverage equity in subsequent cohorts as suggested by Victora et al. [45] . The current analysis suggests that healthcare utilization patterns vary across geographic and socio-economic groups, resulting in differences in expected costs and potential cost savings. Although we attempted to account for these differences in utilization, we did not account for potential differences in the cost associated with different levels of care in different settings. For example, the costs of private outpatient or inpatient care might be greater in higher income areas. Additional data on differences in both utilization and unit costs of treatment are needed to develop better estimates. The current model used a relatively crude approach to modeling waning of protection, with uniform protection during the first year of life and reduced efficacy thereafter. A more nuanced model accounting for the timing of vaccination would provide more realistic estimates.
Lastly, the results demonstrate that estimated risk and vaccination are correlated across geographic and socio-economic setting (Appendix A). Further analysis shows that there are also correlations between risk and access within these sub-groups. However, the current analysis does not adjust for this fact. This correlation, with lower coverage among higher risk children, may result in an overestimate of the benefits of vaccination. Further analysis and more dynamic models may be helpful in better understanding the degree of overestimation.
With few exceptions [46] most economic evaluations of new vaccines do not explicitly consider heterogeneity in economic costs or in the health benefits of vaccination. Evaluations at this level can highlight the effect that disparities may have on the impact of health interventions, and could eventually lead to the development of strategies that will optimize impact. Understanding the effects of heterogeneity could strengthen ongoing and future efforts to improve vaccination coverage, with the aim of maximizing the benefits and improving the equity of vaccine access for rotavirus and other vaccines in India.
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